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ABSTRACT
This paper presents the fracture analyses conducted on the FAA/NASA stiffened and
unstiffened panels using the STAGS (STructural Analysis of General Shells) code with the critical
crack-tip-opening angle (CTOA) fracture criterion. The STAGS code with the "plane-strain"
core option was used in all analyses. Previous analyses of wide, flat panels have shown that the
high-constraint conditions around a crack front, like plane strain, has to be modeled in order for
the critical CTOA fracture criterion to predict wide panel failures from small laboratory tests. In
the present study, the critical CTOA value was determined from a wide (unstiffened) panel with
anti-buckling guides. The plane-strain core size was estimated from previous fracture analyses
and was equal to about the sheet thickness. Rivet flexibility and stiffener failure was based on
methods and criteria, like that currently used in industry. STAGS and the CTOA criterion were
used to predict load-against-crack extension for the wide panels with a single crack and multiple-
site damage cracking at many adjacent rivet holes. Analyses were able to predict stable crack
growth and residual strength within a few percent (5%) of stiffened panel tests results but over
predicted the buckling failure load on an unstiffened panel with a single crack by 10%.
INTRODUCTION
Widespread fatigue damage is of great concern to the aging commercial transport fleets
because the residual strength of a stiffened structure with a single long crack may be significantly
reduced by the existence of adjacent smaller cracks as postulated by Swift [1]. Whereas a single
long crack in a fuselage structure may produce flapping, a process by which a cracked fuselage
would peel open in a small local region and lead to safe decompression, a fuselage with a long
lead crack and multiple-site or multiple-element damage (MSD or MED) cracking may not flap.
Tests on panels with long lead cracks and MSD have shown that the presence of an array of small
adjacent cracks strongly degrade residual strengths [2,3]. One of the objectives in the NASA
Aging Aircraft Research Program [4] is to develop the methodology to predict flapping or failure
in damaged fuselage structures in the presence of widespread fatigue damage. The approach is to
use a finite-element shell code with global-local, adaptive mesh capabilities and appropriate local
fracture criteria to predict progressive failure in complex structures. In the future, fuselage
structures may be designed by analysis, and verified by tests, to produce flapping or improved
crack arresting capability under MSD or MED conditions.
In an effort to develop the methodologies required to predict the residual strength of
complex fuselage structures with MSD, a series of tests and analyses have been performed from
the coupon level to subscale fuselage simulation tests [5,6]. These series of tests were used to
verify the residual strength methodology based on the critical crack-tip-opening angle (CTOA)
failure criterion. NASA and the FAA have designed a series of wide, stiffened panels with single
and multiple-site damage cracking at many simulated rivet holes [7,8]. These panels had
"fatigue" MSD cracks instead of sawcuts. The panels were made of 2024-T3 sheet material
(thickness of 1.6 ram) with five 7075-T6 stiffeners (thickness of 2.2 mm). Stiffeners were placed
symmetrical about the thickness of the sheet. The central stiffeners were cut and the panels were
allowed to buckle during the stable tearing and crack linkup process. Load-crack extension,
load-strain records and out-of-plane displacement measurements were made during all tests.
Stable crack growth in metallic materials has been studied extensively using elastic-plastic
finite-element methods, see reference 9. These studies were performed to investigate various
fracture criteria. Of these, the crack-tip-opening angle (CTOA) or displacement (CTOD)
criterionwasshownto bethemostsuitedfor modelingstablecrackgrowth andinstabilityduring
the fracture process. Numerousinvestigatorshave also experimentallymeasuredCTOA (or
CTOD) duringfracture. Dawickeet al. [10], usingahigh-resolutionphotographiccamerawith a
videosystem,hasshownthatthecriticalanglesduringstablecrackgrowth in thin-sheetaluminum
alloyswere nearly constantafter a small amountof tearing. The non-constantCTOA region
(measuredat the free surface)was shownto be associatedwith severetunnelingduring the
initiation of stabletearing. NewmanandDawicke [11] andDawickeet al. [12] haveextensively
appliedtheCTOA fracturecriterionandthe finite-elementmethodto analyzestablecrackgrowth
and fracture of manycomplexcrack configurationsmadeof aluminumalloys. Seshadriand
Newman[13] havealsousedthe finite-elementmethodandthe CTOA criterionto predict stable
tearingin thepresenceof severeout-of-planebucklingfor bothaluminumalloysandsteels.
This paperpresentsthe fractureanalysesconductedon the FAA/NASA stiffenedpanels
usingtheSTAGS(STructuralAnalysisof GeneralShells)code[14,15]with thecritical crack-tip-
openingangle(CTOA) fracturecriterion. TheSTAGScode,with the"plane-strain"coreoption,
was used in all analyses. Previousanalysesof wide, flat panelshave shownthat the high-
constraintconditionsarounda crackfront, like planestrain,hasto be modeledin order for the
critical CTOAfracturecriterionto predictwidepanelfailuresfrom smalllaboratorytests[ 16]. In
thepresentstudy,thecritical CTOA valuewasdeterminedfrom a wide (unstiffened)panelwith
anti-bucklingguides. Theplane-straincoresizewasestimatedfrom previousfractureanalyses
andwasaboutequalto the sheetthickness.Rivet flexibility andstringerfailure werebasedon
methodsandcriteria,like that currentlyusedin industry [1]. Comparisonswere madebetween
load-crackextensionon stiffenedand unstiffenedpanelswith singlecracks and MSD. An
assessmentof the capabilityof the STAGS code with the critical CTOA failure criterion to
predictresidualstrengthwasmade.
EXPERIMENTS
NASA Langley Research Center (LARC) and the FAA William J. Hughes Technical Center
have jointly designed and sponsored fracture tests on 1016-ram wide sheets made of 1.6-ram
thick 2024-T3 aluminum alloy with and without stiffeners [7,8]. Ten wide panel fracture tests
wereconductedat LARC. Half of the specimenshadfive 7075-T6aluminumalloy stiffeners(41-
ramwide,2.2-ramthick) rivetedoneachsideof thesheetwith a spacingof 203 ram,asshownin
Figure l(a). The stiffenerswere orientatedin the directionof loadingandperpendicularto the
directionof thecrack(s). The rivetswere2017-T4aluminumalloybuttonheadwith a 25.4-mm
rivet spacing(dr). The7075/2024/7075lay-upwasbondedonlyin thegrip areabut rivetedover
theremainderof thesheet.Thecentralstiffenerswerecut alongthecrack line. Openholeswere
machinedinto the sheetat the requiredrivet spacingalong the crack line but rivets were not
installed.Holeswerenot machinedinto thestiffenersalongthecrack-linelocation. Fivedifferent
crackconfigurationsweretested:a singlecentercrack,a singlecentercrackwith anarrayof 12
holes(4.8-ramdiameter)on either side of the lead crack,and a singlecentercrack with three
differentequalmultiple-sitedamage(MSD) cracking(0.25,0.76and1.3-
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Figure 1. Stiffened panel and typical crack configuration analyzed
ram) at the edge of each hole. The MSD cracks were introduced into the test specimen by fatigue
precracking at a low applied cyclic stress level [8]. Figure l(b) shows the details of the crack
configuration along the crack line. The lead crack half-length (ci) in all of the specimens was
101.5 ram. For each crack configuration, identical specimens were tested with and without
riveted stringers. All tests were conducted under stroke control. During the tests, measurements
were made of load, crack extension, applied end displacement, strain field in the crack-tip region,
strains in the intact and broken stiffeners, and displacement fields (local and global).
Test results on load-against-crack extension measured on the five stiffened panels [7,8] are
shown in Figure 2. The first intact stringer was located at about 100 mm from the initial crack-tip
location (see dashed line). Circular symbols show the results for the single crack. The large gap
in the data was when the crack was underneath the stiffener. Once the crack emerged from under
the stiffener, the panel failed (solid symbol). Square symbols show the results from the single
crack with 12 open holes on each side of the crack. The vertical steps in the data (with no crack
extension) was when the crack linked with an open hole, and additional load was required to
fracture the material at edge of the hole. Again, the solid symbol denotes the maximum failure
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Figure 2. Load-against-crack extension from stiffened panel test program [7,8].
loadonthepanel. Resultsshowthat evenapanelwith a singlecrackandonly openholesfail at a
significantlylower loadthanthat of a specimenwith a singlecrack. Thethreetestswith different
sizeMSD all behavedin a similarmanner. After the leadcrack linkedwith the MSD cracksand
grewpassthestiffener,the sheetfailedandall 24MSD crackslinked. Panelfailurethenoccurred
at abouta 10%higherloadthansheetfailure. Theseresultsshowthat MSD at openholesreduce
theresidualstrengthabout30%fromthat of apanelwith onlya singlecrack.
Largemiddle-cracktensionpanels(restrainedagainstbuckling)were testedto measurethe
critical crack-tip-openingangle (CTOA) on the 1.6-mmthick sheet2024-T3 materialduring
stabletearingandfracture.Thecritical CTOA is plottedagainstcrackextensionin Figure3. The
610-ramwidespecimenhadaninitial sawcut(254mm in length)andthe 1016-widespecimenhad
a largefatiguecrack. During the fracturetests,a high-resolutioncameraandvideo system[10]
wasusedto recordthetearingcrack. At eachvideoimage,correspondingto a givenamountof
crackextension,four to sixmeasurementsof thecritical angleweremeasuredfrom 0.5 to 1.5mm
from thecracktip. Theaveragevaluesareshownin Figure3. The testmeasurementshowan
averageangleof 5.15 degreeswith a +1 degree of scatter. The critical CTOA was nearly
constant over nearly two orders of magnitude in crack extension. For small amounts of crack
extension (less than sheet thickness), larger CTOA values are generally measured on the surface
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Figure 3. Measured critical CTOA for thin aluminum alloy sheet material.
of the specimen, possibly due to severe crack tunneling (see ref. 12).
ANALYSES
The STAGS finite-element shell code [14,15] and the critical crack-tip-opening angle
(CTOA) failure criterion were used to model stable tearing of cracks and residual strength
behavior of wide, flat-unstiffened and flat-stiffened panels made of 2024-T3 aluminum alloy sheet
and 7075-T6 stiffeners. Rivet connectivity, rivet yielding, stiffener yielding, out-of-plane buckling
and stiffener-sheet contact behavior were modeled during the stable tearing process. Single
cracks and multiple-site-damage (MSD) cracks at simulated rivet holes were considered. The
holes, used to produce the MSD cracks, were only open holes.
STAGS Finite-Element Analyses
STAGS is a finite element program for the analysis of general shell-type structures [14,15].
The program has several types of analysis capabilities (static, dynamic, buckling, crack extension,
material nonlinear and geometric nonlinear behavior). STAGS has crack extension capability
based on the critical crack-tip-opening angle or displacement (CTOA or CTOD) criterion, the T*-
integral [17] and the traditional KR-curve. In the current study, quadrilateral shell elements with
6 degrees-of-freedom per node (three displacements and three rotations) were used in all model.
The quadrilateral shell element was under "plane-stress" conditions everywhere in the model
except for a "core" of elements along the crack plane that were under "plane strain" conditions
[16]. Elastic-plastic material behavior of the sheet and stiffener were approximated by multi-
linear stress-strain curves. The White-Besseling plasticity theory with a form of kinematic
hardening was used to account for yielding and reverse yielding during unloading [14].
In this section, the procedures used in modeling the stiffened panels and the crucial issues
related to rivet flexibility are discussed. Before analyzing these wide stiffened panels, a
preliminary study (both experimental and numerical) was carried out to understand the basic
concepts of load transfer in built-up structure using a laboratory coupon specimen. For this
purpose, 305-ram wide center-cracked panels with a single central stiffener was tested and
analyzed. Both cut and intact stiffener situations were considered. The specimens were strain-
gaged to measure sheet and stiffener strains (and load transfer) as a function of remote load and
crack extension. This particular study helped in understanding the important issues involved in
modeling rivet flexibility and sheet-stiffener contact during buckling of the specimen. Comparison
between the experiments and the analysis were made at both global and local levels. Load
transfer through the rivets near to the crack-tip region were compared with test results. Further
details on these tests are given in references 7 and 8.
The specimen configuration and a typical finite-element model for the stiffened panel are
shown in Figures l(a) and 4, respectively. Because the configuration and loading were
symmetric, only a quarter of the sheet and stiffeners was modeled. Figure 4 shows only the lower
part of the mesh pattern used to model the lead crack and MSD. The mesh pattern to model the
upper part of the specimen (not shown) is similar to that shown in the upper part of Figure 4. The
remote loading was applied as uniform displacement. Symmetry boundary conditions were
applied along the specimen centerlines except for the crack surfaces that were free. This model
contained 13,145 shell elements, 17,287 nodes, 97,254 degree-of-freedoms (DOF) and 82,372
active DOF.
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Figure 4. Typical finite-element model of flat, stiffened panel with single and MSD cracks.
Modeling of Sheet and MSD Cracking
To model the fracture process with the CTOA failure criterion, a model with an array of
small elements were positioned along the crack plane. A minimum crack-tip element size (d) of 1
ram, along the line of crack extension, was chosen to be the same for all meshes generated for the
different crack configurations. From previous parametric and convergence studies, it was found
that a minimum crack-tip element size of 1 mm (linear-strain element) was sufficient to model
stable tearing under elastic-plastic conditions [18]. Crack growth was governed by monitoring
the critical CTOA (gtc) at a distance of 1 mm (one element) behind the crack tip. In general, the
critical value (gtc) was determined by matching the average failure load measured on several tests
of M(T) specimens (restrained from buckling), as will be discussed later.
The MSD crack sizes in the tests were 0.0 (no crack), 0.25, 0.76 and 1.3-ram in length from
the open holes, see Figure 1 (b). Because the MSD crack sizes were smaller than the l-ram crack-
tip element size, the circular holes were not modeled. To model MSD cracks, the displacement
conditions for the nodes along the symmetric plane over the diameter of the hole and MSD cracks
were set free. The total crack lengths for the four MSD cases were: 4.8 (hole diameter), 5.3, 6.3
and 7.4-ram, respectively. In the analyses, the corresponding crack lengths were set at: 5, 5, 6
and 7-ram, respectively. For the single crack and open hole only configurations, the "crack"
which was used to simulate the unsupported hole region had a critical CTOA (24 degs.) large
enough to prevent crack growth. Whereas, the lead crack had a constant tearing CTOA from
initiation to failure. Crack linkup occurred under constant CTOA conditions for all crack tips.
An option to have a crack-initiation displacement, 6i, or CTOA, gq, different than the tearing
CTOA, gtc, has recently been added to the STAGS code [15]. This option is used to simulate
fracture of "sawcuts" and stable tearing of cracks [19]. This option was not used in the current
study to simulate fracture of open holes connected by a crack (sharp-notch configuration). Only
stable tearing until the crack linked up with the first open hole was considered.
Modeling of Stiffeners and Rivets
Analyses of cracked-stiffened panels by Newman and Dawicke [11] indicated that a refined
mesh was required in the region of the rivet connection to maintain proper load transfer. In the
1016-ram wide stiffened panels, the elements in the rivet-connection region were 2 mm by 2 ram.
Largerelementswereusedawayfrom therivet connectionandawayfrom thecrackplaneto help
reduce the number of degrees-of-freedom. The stiffeners were modeled separatelyand
overlappedthesheetwith anoffsetequalto thesheethickness.Rivetholeswerenot modeled.
Rivet connectionsbetweenthe stiffenerand sheetwere modeledwith fastenerelementsin
STAGS.Thefastenerelementsarenon-linearspringelementswith sixdegrees-of-freedom(three
translationsandthreerotations). Foreachdegree-of-freedom,theuserhasto input thenon-linear
load-displacementcurve. Rigid linkswereusedat theendof eachfastenerto distributethe load
transferredacrosseachrivet. Rivetholeswereagainnot modeled(a tight fit betweenthe rivet
andholewasassumed).For moreinformationon thefastenerelementcapabilityin STAGS,refer
to references14and15.
Modeling Buckling and Stiffener-Sheet Contact
Seshadri and Newman [ 13] have demonstrated that stable tearing in the presence of buckling
can be predict with STAGS and the CTOA fracture criterion. In order to simulate buckling of
both the stiffened and unstiffened panels, a bifurcation analysis was conducted to determine the
first buckling mode shape. This out-of-plane displacement shape (about 10% of the sheet
thickness) was then introduced as an imperfection in the sheet for the non-linear analysis. The
sheet and stiffener surfaces penetrated each other as they deformed out-of-plane. To prevent
penetration, contact elements and multi-point constraint conditions were used to allow the sheet
and stiffener surfaces to contact or separate during buckling.
Modeling of Crack-Tip Constraint
A concept of defining plane-strain elements around the crack-front region was adopted to
simulate three-dimensional constraint conditions around a crack front [16]. Previous analyses of
wide flat panels [12] have shown that the high constraint conditions around a crack front, like
plane strain, has to be modeled in order for the critical CTOA criterion to predict wide panel
failure from small laboratory tests. The plane-strain core capability has recently been added to the
STAGS code [15]. The plane-strain core is defined as a strip of elements (hc is half-height)
parallel to the crack plane. In the present analyses, the core height was selected as 2 mm to help
fit the failure loads on various width M(T) specimens.
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Determination of the Critical CTOA
A critical CTOA (_c) value was used to model the onset of crack growth and the stable
tearing process. This criterion is equivalent to a critical CTOD (_c) value at a specified distance
behind the crack tip. At each load increment, the CTOA was calculated and compared to a
critical value _c. When the CTOA exceeded the critical value, the crack-tip node was released
and the crack was advanced to the next node. This process was continued until crack growth
became unstable under load control or until the desired crack length had been reached under
displacement control. For multiple-site-damage cracking analyses, all cracks were controlled by
the same critical CTOA at each crack tip.
The load-crack-extension results on the single crack in the 1016-ram wide panel was used to
determine the critical CTOA (_c) by trial-and-error. Figure 5(a) shows the measured load-
against-crack extension results (symbols) from only one-side (x > 0) of the wide panel. The use
of the digital-image correlation system to measure out-of-plane displacements prevented crack-
extension measurements from the other side (x < 0) of the panel, thus crack extension was
assumed to be symmetric. A value of _c = 5.4 degrees was found to fit the maximum load quite
well. The calculated results from the analysis tended to over predict crack extension after crack
initiation. This behavior has been a general trend that has been observed on many other tests and
analyses [10-13]. At first glance, a higher CTOA at initiation than during stable tearing would fit
the test data better. However, the plastic history generated during fatigue pre-cracking was not
modeled because this capability has not been incorporated into STAGS. It was estimated that
fatigue pre-cracking would raise the initial portion of the predicted curve by about 10 kN. Also, a
crack in the thin-sheet material severely tunnels at crack initiation, as much as two times the sheet
thickness, so the surface measurement of crack extension is low compared to the interior [12].
These two issues would tend to make the predicted results with a constant CTOA in better
agreement with the test data. A comparison of the measured and calculated load-against-crack-
opening displacements at the center of the crack are shown in Figure 5(b). Here the calculated
results agreed well with the test measurements.
The value of CTOA (5.4 deg.) needed to fit the wide panel test results using the finite-
element analyses was slightly larger than the average value (5.15 deg.) measured on the same
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Figure 5. Measured and calculated load-against-crack extension and displacements using CTOA.
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wide panel (Fig. 3). There could be numerous reasons why these values do not agree. First, the
measurements are made on the surface of the specimen and fracture is controlled by the
deformation state in the interior. To minimize the number of degrees-of-freedom in structural
analyses, the crack-tip element size has been selected to be about l-ram in size. Smaller element
sizes will support larger strains and leave larger residual plastic deformations and, possibility,
smaller CTOA values. The finite-element analyses assume small strain and crack-tip deformations
occur under large-strain conditions. However, measurements and analyses tend to indicate that
the critical CTOA is nearly constant for large amounts of stable tearing and for conditions of
extreme plastic deformations.
Fracture tests conducted on smaller middle-crack tension M(T) and compact tension C(T)
specimens were analyzed with the STAGS code and the critical CTOA of 5.4 degrees with the
same plane-strain core size. Predicted failure loads on tests conducted on 305 and 610-ram wide
M(T) specimens, restrained and un-restrained from buckling, were within _+5% of the test failure
loads, but the predicted failure load on a 152-ram wide C(T) specimen was 8% lower than the
average test failure load from several tests.
Fracture Analysis of Unstiffened Panels
STAGS and the critical CTOA determined from restrained wide panel tests were used to
predict stable crack growth behavior of wide unstiffened panels with a single crack, a single crack
with multiple open holes, and a single crack with MSD at each open hole. These panels were
allowed to buckling. These predictions (curves) are compared with the test results (symbols) in
Figure 6. The predicted results for a single crack agreed well with test data up to about 15 mm
of crack extension. Here the test data reached a plateau and failed after a crack extension of
about 35 ram. The predicted failure load was about 10% higher than the test load. For the
single crack and open holes, the predicted stable tearing behavior as the crack linked up with the
first open hole agreed well with test measurements. The insert shows the lead crack and location
of the first hole. The panel failed at a load (15%) higher than the crack-hole linkup load, but no
attempt was made to model the fracture of a sharp-notch configuration (crack connecting two
holes). For the single crack with the 1.3-ram MSD, the lead crack and the MSD crack both
grew and linked up when the lead crack had grown about 13 ram. The panel failed at the first
linkup of the lead crack and the MSD crack (large solid diamond symbol). The small solid
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symbolsshowthecalculatedMSD cracksizeat linkup. Thepredictedmaximumload,at about8
mm of crack extension,agreedwell with the test failure load. The remainingcurve is the
predictedbehaviorunderdisplacementcontrol.
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Figure 6. Measured and predicted load-against-crack extension for unstiffened panels.
Fracture Analysis of Stiffened Panels
The stable crack growth behavior of wide stiffened panels with a single crack and a single
crack with MSD at each open hole was predicted using STAGS and the critical CTOA value.
Again, these panels were allowed to buckle. Figure 7 shows the test measurements (symbols)
made on the panel with a single crack. The insert shows the relative location of the stiffener.
Crack extension was measured until the crack went underneath the stiffener. Once the crack grew
outside of the stiffener, the panel failed (solid symbols). Whether failure of the panel was due to
sheet failure or stiffener failure could not be determined. Failure of either would immediately
result in panel failure because the stiffeners were carrying about one-half of the applied load.
Two predictions were made using STAGS. First, the panel was restrained against buckling
and the predicted results are shown by the dashed curve in Figure 7. After 20 mm of crack
extension the restrained analysis tended to significantly over predict the test data and the
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predicted failure load was much higher than the test failure load. However, the unrestrained
analysis (buckling allowed) under predicted the early stages of stable tearing but agreed well after
about 30 mm of crack extension, similar to the results shown in Figure 5(a). The predicted failure
load from the fracture of the sheet was 4% higher than the test failure load. The calculated
stiffener failure load (x symbol) was extremely close to the actual test failure load. (Stiffener
failure load was based on fracture tests conducted on the 305-ram wide specimens with a single
intact stiffener at x = 0 [7,8].)
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Test / 2/// -_/ Panel
\ f/_J qt'iff .... failure\, __ Stiffener
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04 I I I I I I I I
0 20 40 60 80 100 120 140 160
Crack extension, Ac, mm
Figure 7. Measured and predicted load-against-crack extension for stiffened panel with a crack.
A comparison of the measured and predicted load-against-crack extension for the wide
stiffened panel with a lead crack and the 1.3-ram MSD is shown in Figure 8. The insert shows
the relative location of the lead crack, open holes, MSD, and the intact stiffener. The measured
load-crack extension values for the data underneath the stiffener were interred from the load-time
trace recorded on this specimen. As the crack linked up with the open hole at about 125 ram, the
sheet failed with all 24 MSD cracks linking. Panel failure then occurred at about a 10% higher
load to break the stiffeners. The predicted load-crack extension behavior matched the test results
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very well. Theseresultsindicatedthat the STAGScode andthe CTOA failure criterioncould
predict stabletearingin the presenceof MSD in a stiffenedstructurewith severeout-of-plane
deformations,typicalof whatmayoccurin anaircraftfuselageunderpressure.
500 -
400 -
300 -
Load
kN
200 -
100 -
Lead crack
0
2024-T3 / 7075-T6 -- STAGS Analysis:
B = 1.6 / 2.2 mm _c = 5.4 deg.
W = 1016 rnrn hc = 2 rnrn
2c i = 203 mm
Unrestrained
Stiffener
1.3-rnrn MSD
O/ -O- -O. -O- .O- -O-
I I I I I I I
0 20 40 60 80 100 120 140 160
Sheet
failure
Crack extension, Ac, mm
Figure 8. Measured and predicted load-crack extension for stiffened panel with crack and 1.3-ram
MSD.
CONCLUSIONS
The STAGS finite-element code and the CTOA fracture criterion were used to predict stable
tearing and residual strength of 1016-ram wide stiffened panels made of 2024-T3 aluminum alloy
sheet with 7075-T6 stiffeners. The panels had a single crack, a single crack with 12 open holes,
and a single crack with 12 equal-size and equally-spaced multiple-site damage (MSD) cracks. A
similar series of tests were also conducted on unstiffened panels. This work supports the
following conclusions:
(1) The measured critical crack-tip-opening angle (CTOA) was nearly constant over two
orders of magnitude of crack extension for the thin-sheet 2024-T3 aluminum alloy.
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(2) A constant critical crack-tip-opening angle (CTOA), gtc = 5.4 degrees, with the plane-
strain core and STAGS were able to predict stable tearing behavior and residual strength
of 152 to 1016-ram wide specimens within _+10%.
(3) A constant critical crack-tip-opening angle (CTOA), gtc = 5.4 degrees, with the plane-
strain core and STAGS were able to predict stable tearing behavior and residual strength
of wide stiffened panels with single cracks and MSD under severe buckling within 5%.
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